Abstract: The purpose of this research was to establish a scale for comfort with regard to handarm vibration using the category judgment method and to validate the frequency-weighting method of the ISO 5349-1 standard. Experiments were conducted using random signals as stimuli. These stimuli consisted of three types of signal, namely designated stimulus F, with flat power spectrum density (PSD) ranging from 1 to 1,000 Hz, stimulus H with PSD which became 20 dB higher at 1,000 Hz than at 1 Hz, and stimulus L that had a PSD 20 dB lower at 1,000 Hz. These stimuli were selected from the specific spectrum patterns of hand-held vibration tools. These signals were modified by the Wh frequency weighting in accordance with ISO 5349-1, and the R.M.S. values were adjusted to be equal. In addition, the signal levels were varied over a range of five steps to create 15 kinds of individual stimuli. The subjects sat in front of a vibrator and grasped the mounted handle which exposed them to vertical vibrations after which they were asked to choose a numerical category to best indicate their perceived level of comfort (or otherwise) during each stimulus. From the experimental results of the category judgment method, the relationship between the psychological values and the frequency-weighted R.M.S. acceleration according to the ISO 5349-1 standard was obtained. It was found that the subjective response scaling of hand-arm vibration can be used for design-objective values of hand-held tool vibration.
Introduction
Quantitative evaluation of a "degree of comfort" is an important aspect to consider when evaluating the nature of products, or the establishment of a design-objective value during vehicle development. ISO2631-1 1) , which defines an acceptable standard of bodily vibration, is the generally accepted evaluation criteria for evaluating whole-body vibration as part of overall in-vehicle comfort. ISO2631-1 defines whole-body vibration in the seated position as the vibration received from the seat and the seat back as well as the vibration to which the feet are subjected from the floor. Meanwhile, the comfort of a seated person is evaluated in the R.M.S. of frequencyweighted R.M.S. acceleration that is calculated as the sum of recorded vibration on a total of twelve axes after weighting based on the frequency-weighting curve. The twelve axes include translational motion axes for the seat back and feet areas (x, y, and z), translational motion axes for the seat (x, y, and z) and the rotational axes (r x , r y , r z ) while the vibrations in question are periodical, random and transient in nature, ranging from 0.5 to 80 Hz. In the attached document C.2.3. entitled Comfort Reactions to Vibration Environments of ISO 2631-1, the following values as shown in Table 1 are given as approximate indications of the likely reaction to various degrees of wholebody vibration experienced in public transport vehicles.
On the other hand, Maeda et al. 2) have determined the relationship between the comfort and the vibration magnitude of a single frequency of hand-arm vibration by using category judgment method 3) . The category judgment method, a subjective scaling method, is used in setting the target characteristics of the design for hand-held tool vibration. When subjects receive stimulus, their reaction is captured in phrases or words, such as "very uncomfortable" or "uncomfortable" as shown in Table 1 Although the comfort curves for the frequency and the vibration acceleration level of the hand-arm vibration were obtained by Maeda et al., the relation of the frequency-weighted R.M.S. acceleration based on the ISO 5349-1 standard 5) and the comfort of the hand-arm vibration ws not shown. Also, although the ISO 2631-1 standard defines the subjective scaling as shown in Table 1 , the ISO 5349-1 standard does not define the subjective scaling. No research has been performed to clarify the relation between a sensory scale and frequency-weighted R.M.S. vibration acceleration, which attributes a physical value to hand-arm vibration. Therefore, this research conducted an experiment using the category judgment method 3) to establish a subjective scale using vibration stimuli with three kinds of spectrum in the direction of the X h (vertical) axis in order to obtain the subjective response scaling of hand-arm vibration for a design-objective value of hand-held tool vibration and to validate the frequency-weighting method of the ISO 5349-1 standard.
Experiment
The experimental conditions are shown in Table 2 . Experiments were conducted using random signals for the stimuli over a frequency range of 1-1,000 Hz, similar to the ISO 5349-1 evaluation range.
In addition, in order to clarify the individual characteristics of the different spectrums varying degrees of high and low frequency components were used. The stimuli consisted of three kinds of signals, namely designated stimulus F, with a flat PSD from 1 to 1,000 Hz, stimulus H with a PSD, which became 20 dB higher at 1,000 Hz than at 1 Hz and stimulus L with a PSD 20 dB lower at 1,000 Hz. The spectra of these signals are shown in Fig. 1 . These stimuli were selected from the specific spectrum patterns of hand-held vibration tools 6, 7) .
The signals were modified using a frequency weighting of Wh based on the ISO 5349-1 standard, and the frequency-weighted R.M.S. acceleration was adjusted to be equal. Furthermore, the levels of the signals were varied over a range of five steps to make 15 kinds of stimuli. In order to enable comparison with the ISO 5349-1 values, accelerations of 0.28, 0.56, 1.12, 2.48 and 4.48 m/s 2 R.M.S. were used for the five steps. These stimuli were selected from the specific vibration magnitudes of handheld vibration tools 8) . These signals were each used three times, comprising a total of 45 stimuli applied in random order, as shown in Fig. 2 , each signal was applied for a duration of five seconds with a two-second pause between stimuli for each subject in the experiment. Miwa 9) clar-SUBJECTIVE SCALING OF HAND-ARM VIBRATION 119 ified that five seconds of stimulus was felt by humans as a continuous vibration. Therefore, in this experiment, the duration of the stimulus was set as 5 s. This meant that each subject was exposed to a total of 225 s of vibration, which even when the exposure time is considered, is within the acceptable range for the ISO 5439-1 standard.
Experimental apparatus
A shaker with a power amplifier (VA-ST-03, IMV corporation) and signal processing unit (F2 SPU, IMV corporation) were used in the experiment. The apparatus is shown in Fig. 3 . All vibration stimuli generated on the handle and the frequency-weighted R.M.S. vibration acceleration of Table 1 were feedback controlled by the F2 SPU controller and the computer.
Subjects
The subjects were twelve healthy subjects in their twenties, six males and females with mean ages of 23.2 and 24.5 yr old, respectively. All the subjects were non-smokers. None of the subjects had been exposed to high levels or long periods of hand-arm vibration (HAV) occupationally or in their leisure time activities. The experiments were approved by the Research Ethics Committee of Japan National Institute of Occupational Safety and Health. All the subjects underwent an explanation of the test procedure and gave their written informed consent to participate in this study.
Experimental procedure
A series of 15 vibration stimuli (three times for each of the five levels of vibration stimuli), each of which was ordered randomly, were applied in the X h axis to the right hand of each subject, seated in a relaxed posture in a chair. All vibration stimuli had a duration time of five seconds with a two-second pause between them as shown in Fig. 2 . The vibration load was applied in the direction of the X h axis with a predetermined stimuli program input into the vibrator, then applied to the subject who grasped the vibration handle. A force sensor was mounted on the center of the handle. The diameter of the handle was 0.03 m and the length was 0.12 m. The grasping force was about 2-3 N. Real time display of the grasping force was provided via a meter so that the subject could adjust the grasping force to the desired force level. The subjects issued verbal responses to each vibration stimulus, selected from the five evaluation categories shown in Table 3 , using a designated numeric value (1 to 5) for each category.
Results and Discussion
Although the subjective scaling of whole-body vibration is defined by the ISO 2631-1 standard, the subjective scaling of hand-arm vibration has not been determined and no solution had yet been presented to resolve this problem. In this research, using the category judg- ment method, a subjective scale for the evaluation of comfort, namely an ordinal scale with unequal intervals, was established to associate physical values with psychologically continuous categories, resolving this problem, the inability to specify a measured vibration stimulus of a certain magnitude on a scale of comfort.
The order of the stimuli applied to the subjects S n (n=1-45) and the evaluation reported by the subjects to each stimulus P i (i=1-12; Male; i=1-6, Female; i=7-12) are shown in Table 4 . The numerical values represent the evaluations given by the subjects in response to the stimuli using the numerical categories corresponding to those shown in Table 3 , while the stimulus name indicates the type of stimulus used. For example, the first stimulus "Flat 1.12" indicates stimulus F with a frequency-weighted R.M.S. acceleration of 1.12 m/s 2 ( Fig. 1) . Similarly, High 4.48 indicates stimulus H of the 4.48m/s 2 and Low 1.12 indicates stimulus L of 1.12 m/s 2 .
The scaling was carried out using the category judgment method based on the results in Table 4 . First, a frequency distribution matrix F ij of the evaluation for each category j (j = 1-5) versus 15 types of stimuli R i (i = 1-15) was created (Table 5) , derived from the experiment results (Table 4) with the frequencies being totaled in terms of individual vibration stimuli.
Next, the formula (1) was used to convert the frequency distribution F ij into the accumulation ratio G ij for R i with regard to categories 1 to j. Here, r (= 3) represents the repetitions of each stimulus and N (= 12) is the number of subjects. Next, the deviation ratio Z ij (j = 1-g) corresponding to the accumulation ratio G ij was obtained using the following equation (2) . This is based on the approximation equation by Hastings et al. 10) , simplified to satisfy the required degree of precision in the calculation for the experiment, deriving Z ij that corresponds to a given upper probability G ij (0< G ij <0.5) on a normal distribution. Next, an estimated value for the width of adjacent categories for each stimulus was derived using equation (3).
Here, the values -3.75 and +3.75 were adopted for the lower and upper limit of the deviates, which correspond to percentage points of 0.01% and 99.99% respectively. Then, using the result of equation (3), the average estimated value for the width of each category was obtained, taking the mean for 15 stimuli as the origin using equation (4). (4) Next, using the result of equation (4), a scale value L j for the upper limit of each category was obtained using equation (5).
From the result of equation (5) a median value C j for each interval of every category was obtained as a typical percategory value using equation (6) .
Then, according to the general operation method of the category judgment method, C j was converted to the absolute scale value A j using equation (7) based on the idea that the median point of the central category 3, represents a significant zero,
The limit values and medians were obtained in this way for each category of vibration stimulus. Next, in order to position the vibration stimuli used in the experiment on the remodeled scale, the scale value for the median frequency distribution for each individual vibration stimulus R i was obtained using equation (8) . using equation (9) . (9) U i is the value given by 50% of the 12 subjects as their psychological evaluation of the vibration stimulus R i . The category judgment method calculation applied to Table 5 to obtain the relationship between subjective response and the frequency-weighted R.M.S. vibration acceleration. Figure 4 shows the results from the category judgment method of the relationship between subjective scaling and the frequency-weighted R.M.S. acceleration based on the ISO 5349-1 standard. From Fig. 4 , it is seen that the physically measured value can predict the psychological value.
Furthermore, Fig. 4 reveals the existence of a linear relationship between the logarithm of the frequencyweighted R.M.S. acceleration (m/s 2 ) and the corresponding psychological value (U i ) for each vibration stimulus. However, the nature of this line changes according to the particular vibration stimuli within the different vibration stimulus spectra. The difference between the different spectrum groups and the gender groups was tested by Mann-Whitney's U test at p≤0.05. No significant difference was noticed in response to the vibration stimuli, 
4.
Also, there were no statistical differences in psychological evaluation between males and females at the same frequency-weighted R.M.S. acceleration with different spectrums. There was no difference with the psychological evaluation to HAV exposures in females and in males, even when the frequency-weighted R.M.S. acceleration by ISO 5349-1 was the same value. Therefore, the results obtained from the experiments suggest that gender differences in response to HAV should not be taken into consideration in ISO 5349-1.
The subjective scaling values obtained from the current experimental results (Fig. 4) are shown in Table 6 .
The subjective response scaling of hand-arm vibration as shown in Table 6 can be used for design-objective values of hand-held tool vibration.
In this study the experiments were conducted only in the single axis of X h . However, since the results were arrived at with a limited number of subjects, their validation for gender, age, race, etc, are subject for further research. Also, further research is needed to examine multi-axis effects of HAV on gender differences in response to HAV exposure.
Conclusions
In the present study: 1) we derived the subjective response scaling for designobjective values of hand-held tool vibration relationship between frequency-weighted R.M.S. acceleration according to the ISO 5349-1 standard and psychological evaluation by using the category judgment method; and 2) there are no statistical differences in psychological evaluation between males and females at the same frequency-weighted R.M.S. acceleration with different spectrums.
